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INTRODUCTION
When designing digital filters of finite wordlength it would be beneticial if hardware realization aspects could be taken into account and optimized at the same time. Such a codesign process is by its nature a combinatorial problem and very time consuming due to the inherent complexity ofcombinatorial optimization.
A digital filter design can be considered as a search over a binary-valued statc spacc consisting of all outcomes of b x IV binary variables where A: is the number of filter coefficients and b is the coefficient wordlength. The goal is to find the state corresponding to the minimum global cost, consisting of two parts, one associated with the filter specification and the other with the hardware constraints.
Several approaches to this problem have been proposed, among them simulated annealing (SA) and genetic (evolutionary) algorithms [ S . 2. IO, 31. Simulated annealing in particular is known to provide good results. but is vcry timeconsuming due to its stochastic search for thermal equilibrium at each annealing step 1 I].
The mean field annealing (MFA) algorithm [4,9.6 ] is a de/c'r/i7inistic. rinnetrling method capable of handling large combinatorial optimization problems with a minimum of computational effort. It can bc regarded as approximating the mean bchavior of the simulated annealing algorithm but without the need for a stochastic sampling of states. By applying a techniquc known a s the mean field approximation estimated directly from the Boltzmann distribution instead of iterating a stochastic perturbation rule a large number of times as with SA. The MFA approach proves to be significantly faster and still yields a solution with a quality equal to that of a highly tuned SA algorithm.
PROBLEM FORMULATION
As a design example for the MFA algorithm we choose an FIR-filter with a minimum number of ones in its binary coding. Such a design is simple enough not to draw attention from the optimization algorithm while still representing a hard combinatorial problem.
Consider the design of a linear phase nonrecursive (FIR) filter with impulse response h(n), even symmetry 
where s is an L x 1, L = ( A I + 1)b vector of variables sz,
We consider the following quadratic design criterion whose cost function is defined by
where A a (~k ) is the desired response defined on a set of
band weighting and n is a positive parameter used to trade off the filter design cost (first term above) for the hardware cost defined in terms of the total number of binary ones (second term above). The choice of cost function is not critical to the algorithm and e.g. a minimax filter specification with the hardware constraints given by the maximum hamming distance would be treated similarly. By employing (4) we may now rewrite the cost function in (5) as the following quadratic form
We emphasize that the type 1 linear phase FIR filter structure 181 and the quadratic design criterion chosen above are used merely as an example to demonstrate the potential of the new algorithm; other filter structures, design criteria and hardware costs may be treated similarly.
THE MEAN FIELD ANNEALING ALGORITHM
By mapping the filter design problem and the corresponding hardware constraints onto the set of binary variables, s,, it can be solved using a mean field annealing (MFA) technique. Consider the set of states S defined by The shape of the sigmoid function (1 9) for various temperatures is shown in Fig. 1. Starting from a high value of T and iterating the update rule (19) while decreasing T will accomplish two things. 
NUMERICAL EXAMPLES
The MFA-algorithm was used to design an 1%' = 17 tap linear phase lowpass FIR-filter with coefficients quantized to b = S bits which was then compared to a filter designed straightforwardly by quantizing the coefficients of the infinite precision LS-solution, referred to as QLS below. The weighting parameter 7 4 . was set to 1 in the passband and 2 in the stopband. The tradeoff between filter characteristics and hardware constraints is imposed in a soft manner using a 2 0. The results with respect to the quality of the filter defined by E,,,,, = E(s)),=, and the corresponding number of ones used in the implementation are listed in Table I and the magnitude response of the filters are shown in Fig. 2 . I a 1 no of Is I E,,i,, Note that the response of the MFA-solution with c\ = 0.01 (dashed) is better than the one obtained simply by quantizing thc LS-solution. When CI = 0.5 (dotted) the hardware constraints start degrading the filter performance.
The validity or the MFA-approximation employed in ( 18) and the use of continuous variables to track the mean behavior of a corrcsponding siniulatcd annealing pi-ocedurc are illustrated in Fig. 3 where both SA and MFA were applied to the same problem of size A-= 7 and b = S . It is clear that the behavior or closely follows that of ( s i ) .
as was expected. Thus, instead of the time-consuming process of obtaining thermal equilibrium by a stochastic search. the mean field approximation provides thermal equilibrium conditions through a deterministic fixed point equation. At each annealing step each s, was iterated 400 times while each U, on average needed less than 2 iterations to converge.
SUMMARY AND CONCLUSIONS
Thc mean field annealing (MFA) algorithm is presented as a means for designing digital filters with hardware constraints. The MFA approach is viewed as an analytical analogy to the well known simulated annealing algorithm and MFA turns out to be less time-consuming while still rendering high quality solutions. Examples are given for a simple linear phase FIR-filter with increasing demands on the hardware aspect. The tradeoff between filter characteristics and hardware constraints is governed by a single parameter, a.
The strength of the MFA algorithm in digital tilter design is thc fact that it operates directly on the bitlevel of the filter, which means that hardware constraints can be smoothly incorporated in the design. and that it does away with the stochastic sampling of states needed in e.g. simulated annealing.
Even though the examples given are for linear phase FIR-filters the algorithm is clearly not limited to such cases. It is our opinion that it can be turned into a useful tool to design general digital filters. with or without hardware constraints, for which no general method exists today.
